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Lycopene cyclases responsible for the formation of e-ionone rings (LCYe) mark a plant-speciﬁc bifur-
cation of carotenogenesis. We investigated puriﬁed rice LCYe (OsLCYe) in a liposome-based biphasic
assay system. OsLCYe depends on reduced ﬂavin cofactors stabilizing a transient state formed dur-
ing the non-redox cyclization reaction. In contrast to OsLCYb, OsLCYe produces predominantly
monocyclic products and monocyclic carotene intermediates are not suitable substrates. Determi-
nation of the OsLCYe reaction speciﬁcities and the combined use of OsLCYb allow the characteriza-
tion of the reaction sequence leading to heterocyclic carotenoids. It was also found that 5-cis-
lycopene, which was thought to be decisive for e-cyclization, was not involved in the reaction, with
OsLCYe acting as an exclusion ﬁlter for this naturally occurring isomer.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cyclic carotenoids are biosynthesized with two isomeric ionone
end-groups differing in the position of the double bond in the ring,
which is C5–C6 (b-ionone) or C4–C5 (e-ionone). Beta-ionone-con-
taining carotenoids are common in carotenoid producing organ-
isms, while the formation of the e-ionone ring is restricted to
plants, with the exception of the cyanobacterial genus Prochloro-
coccus,which possesses a lycopene cyclase capable of forming both
ring-types [1].
The ability of plants to form both rings allows for a bifurcation
in the carotenoid biosynthesis pathway leading to either b-caro-
tene (b, b -Carotene) or a-carotene (b,e-carotene) and their xantho-
phyll derivatives (see Supplementary Fig. 1, for an overview).
Carotenoids possessing two e-rings, such as in lactucaxanthin of
Lactuca sativa, are rare [2,3]. The genetic basis for b- and e-ring for-
mation is given by homologous single copy genes encoding lyco-
pene b- and lycopene e-cyclase (LCYb; LCYe) [4].
The products of the two carotenoid biosynthesis branches are
vitally important in various ways. In plants, the b-carotene deriva-
tives zeaxanthin, violaxanthin, neoxanthin and the a-carotene
derivative lutein are constituents of the light harvesting complexes
[5] and function in light harvesting and photoprotection. b-Caro-
tene is a constituent of the photosystems [6] and involved in the
detoxiﬁcation of 1O2 [7]. The process of non-photochemicalchemical Societies. Published by E
de (P. Beyer).quenching requires, inter alia, zeaxanthin [5]. Moreover, bicyclic
carotenoids of the b-carotene branch are the precursors of phyto-
hormones formed by the action of carotenoid cleaving dioxygen-
ases (CCDs). The 9-cis-epoxycarotenoid dioxygenases (NCEDs)
subfamily initiates the biosynthesis of abscisic acid from 9-cis vio-
laxanthin [8] while the strigolactones – modulators of plant archi-
tecture, mycorrhizal interaction and infestation with parasitic
weeds – are derivatives of 9-cis-b-carotene [9]. When ingested by
vertebrates, carotenoids possessing at least one unsubstituted b-
ionone ring are termed provitamin A carotenoids, which in turn
are converted to retinoids by oxygenase cleavage [10]. The relative
activities of LCYb and LCYe are therefore among the primary deter-
minants of the vitamin A-nutritional value of crop plants [11].
Lycopene cyclases are membrane-bound enzymes which makes
biochemical investigations on the puriﬁed enzyme difﬁcult. There-
fore, all available knowledge stems from in vivo studies, such as
mutant analyses or complementation in Escherichia coli strains
engineered to accumulate the lycopene substrate. Such analyses,
although representing major advances in the ﬁeld, leave room for
interpretation.
Recent ﬁndings using puriﬁed bacterial lycopene b-cyclase from
Pantoea ananatis have shown that the reaction mechanism de-
pends on the presence of reduced FAD to stabilize an intermediate
transient state while acid base catalysis is the catalytic principle.
This and the discovery that partially disordered phosphatidyl-cho-
line liposomes are well suited as a biphasic in vitro system for lyco-
pene cyclases [12] enabled the here-presented research on LCYe
from Oryza sativa (OsLCYe). Applying the same methodology ledlsevier B.V. All rights reserved.
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sic reaction parameters, determine the LCYe/LCYb reaction se-
quence and test the hypothesis whether the 5-cis-conﬁgured
lycopene is needed to produce the e-ionone group [13,14]. This lat-
ter component was inspired by the recent ﬁnding that the carotene
cis–trans isomerase CRTISO, operating directly upstream of lyco-
pene cyclases, produced considerable amounts of 5-mono-cis-lyco-
pene – apart from the main product all-trans-lycopene [15]. This
led to the question of whether the single 5-cis conﬁguration at
one end of the symmetrical lycopene precursor was a determining
factor in the formation of the single e-ionone end groups that pre-
vail in the plant a-carotenoid branch of the biosynthetic pathway.
2. Materials and methods
2.1. Chemicals used
5-cis-Lycopene, 5,5-di-cis-lycopene, trans-lycopene and trans-d-
carotene were from CaroteNature; trans-c-carotene was a gift from
BASF. Concert™ plant RNA reagent and SuperScript™ III Reverse
Transcriptase were from Invitrogen. Phusion™ High-Fidelity DNA
Polymerase is a product of Finnzymes.
2.2. OsLCYe cloning and DNA constructs
To clone the lycopene e-cyclase cDNA of OsLCYe (Acc.
NM_001049945.1) total RNA was extracted from young leaves of
the rice variety TP309 with Concert™ plant RNA and reverse tran-
scribed into cDNA with oligo d(T)16 and SuperScript™ III Reverse
Transcriptase. PCR ampliﬁcation was performed with the primers
OsLCYe Forward: 50-CATCTCGAGATGGAGTTCTCCGGCGGCGC – 30
(XhoI) and OsLCYe Reverse: 50-CGGAAGCTTACAAGGTCAGGTAGGTC
TTGATCATCG -30(HindIII), using 100 ng cDNA, 500 nM of each pri-
mer, 200 lM each dNTP, 3% of DMSO and 0.2 unit of Phusion™
High-Fidelity DNA Polymerase. The XhoI/HindIII digested fragment
of puriﬁed PCR product was inserted into the respective site of
pThio-DAN1 (a modiﬁed version of pBAD/TOPO ThioFusion (Invit-
rogen)). The resulting expression vector pThio-OsLCYe was veriﬁed
by sequencing.
To clone OsLCYe lacking a predicted 52-amino-acid transit pep-
tide (ChloroP 1.1 software) into a series of Gateway vectors [16]
the primers, GW Fw1 50-CTTGAAGTCCTCTTTCAGGGACCCATTAATT
GCGTGGCGACG-30 and GW Rs1 GGGGACCACTTTGTACAAGAAAGCT
GGGTCGGATCCTTACAAGGTCAGGTAGGTCTTG were used for ampli-
ﬁcation from pThio-OsLCYe, and for introducing a 3C protease
cleavage site and the AttB2 recombination site, respectively. The
sequenced PCR product was used as template to introduce the
AttB1 recombination site to the 50 end by PCR ampliﬁcation with
the primers, GW Fw2 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
CTTGAAGTCCTCTTTCAGGG and GW Rs1. The product was inserted
into Gateway destination vectors following the procedure in [16].
The expression plasmids pHGW-OsLCYe, pHMGW-OsLCYe,
pHGGW-OsLCYe, pHNGW-OsLCYe and pHXGW-OsLCYe encode
the corresponding fusion proteins His6-3C-OsLCYe; His6-MBP-
3C-OsLCYe (MBP: maltose-binding protein); His6-GST-3C-OsLCYe
(GST: glutathione S-transferase); His6-NusA-3C-OsLCYe (Nus:
N-utilizing substance A) and His6-TRX-3C-OsLCYe (TRX: thiore-
doxin). An overview on pHis6-GST-3C-OsLCYe is given in Supple-
mentary Fig. 2.
The vector pThio-OsLCYb containing the lycopene b-cyclase
gene OsLCYb from rice (O. sativa) was described earlier [12].
2.3. Protein expression and puriﬁcation
All plasmids were transformed into BL21(DE3) E. coli cells har-
boring the plasmid pGro7 (Takara), which encodes the groES-EL-chaperonin system under the control of an arabinose-inducible
promoter. The cultures were grown in 2 YT medium at 37 C
to an OD600 of 0.6 and then induced with arabinose (8 mM)
and IPTG (0.2 mM) for Gateway vectors or with arabinose for
pThio-OsLCYb vectors. The recombinant proteins were overex-
pressed at 16 C over night. Cells were resuspended in buffer A
(25 mM phosphate buffer, pH 6.2; MgCl2, 2.5 mM; NaCl,
300 mM; glycerol 15%) and lysed by French Pressure Cell pas-
sages. After centrifugation at 17,000g for 30 min the superna-
tant was solubilized by adding 10 CMC of Tween 20 (1
CMC = 0.0067%) and applied to Protino Glutathione Agarose 4B
(Macherey–Nagel). After washing with buffer A containing 2
CMC Tween 20, the elution was accomplished with buffer B
(50 mM Tris–HCl, pH 8.0; MgCl2, 2.5 mM; NaCl, 300 mM; glyc-
erol, 15%; 2 CMC Tween 20 and glutathione, 10 mM). The
induction and puriﬁcation of the proteins were checked by
SDS–PAGE using 10% polyacrylamide gels. Proteins were quanti-
ﬁed using the Bradford method.
2.4. Enzymatic assays
Protein-free liposomes containing lycopene substrates were
prepared with soybean lecithin (Sigma–Aldrich) in buffer A, as de-
scribed [12]. The effective incorporation of lycopene into the lipid
bilayer was assessed spectro-photometrically (Shimadzu, UV-
2501PC) after extraction of a liposome aliquot with CHCl3/MeOH
(2:1, v/v). The concentration of carotenes was calculated using
e470 nm = 187,000 l mol1 cm1 for all-trans-lycopene, e470 nm =
184,000 l mol1 cm1 for 5-cis-lycopene, e470 nm = 182,000 l mol1
cm1 for 5, 50-di-cis-lycopene, e456 nm = 178,327 l mol1 cm1 for
d-carotene and e460 nm = 166,470 l mol1 cm1 for trans-c-carotene
[17]. Cyclization reactions were carried out in a glove box under an
N2 atmosphere. All solutions were gassed with N2 for 20 min. The
standard assay (200 ll) consisted of liposome suspension contain-
ing 1 nmol carotene substrate (typically around 30 ll), 30 lg of cy-
clase, 10 nmol FAD or FMN, 20 ll hexane [12] and buffer A, added
to the ﬁnal volume of 200 ll. Reducing conditions were achieved
with 2 ll of a freshly prepared 0.1 M dithionite solution. The assays
were incubated at 37 C for 60 min and extracted with one volume
of CHCl3/MeOH (2:1, v/v). The organic phase was dried and sub-
jected to HPLC analysis.
For in vivo complementation, the plasmids were transformed
into JM109 E. coli cells containing the plasmid pFarbeR enabling
lycopene synthesis [18]. Bacteria were grown overnight at 28 C
and extracted with CHCl3/MeOH (2:1, v/v). The organic phase
was analyzed using HPLC-system 1.
2.5. Carotene analysis
HPLC-System 1 was used to separate lycopene substrates and
cyclic products employing a 3 lm C30 reversed phase column
(YMC-Europe) using an UFLC Prominence system (Shimadzu) with
the solvent system A (MeOH/tert-butylmethyl ether (TBME)/water
5:1:1, v/v/v) and B (MeOH/TBME 1:3, v/v). The linear gradient
was developed from 40% A to 0% A within 13 min at a ﬂow rate
of 0.7 ml/min. The ﬁnal conditions were held isocratically for
5 min.
HPLC-System 2 was used for the separation of d-carotene ster-
eoisomers. A 5 lm Stability 100 Alumina column (Dr. Maisch
GmbH) was employed using the solvent system A (dry hexane/N-
ethyldiisopropylamine 2000:1 (v/v) and B (tetrahydrofurane,
THF). Following a 6 min isocratic segment at 96.5% A, a linear gra-
dient was developed to 78% A within 12 min, all at a ﬂow rate of
1 ml/min. All chromatograms and UV/VIS spectra were recorded
with a photodiode array detector (PDA). Supplementary Fig. 3 pro-
vides PDA-recorded UV/VIS spectra of relevant carotenes.
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Fig. 2. Flavin dependence of OsLCYe activity. Conversion rates were determined at
an incubation time of 20 min using the indicated FADred and FMNred concentrations,
otherwise maintaining the conditions outlined in the Section 2. The curves were
ﬁtted with the Graphpad Prism software, using the equation Y = Vmax*X/(km + X).
R2 = 0.98 (FAD) R2 = 0.93 (FMN). Data represent the mean ± SE of four replicates.
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3.1. Puriﬁcation of OsLCYe
The Gateway vector system used [16] resulted in the expression
of ﬁve different N-terminal fusion proteins in E. coli, out of which
one, namely His6-GST-3C-OsLCYe (hereafter OsLCYe) survived ini-
tial tests for solubility by centrifugation and subsequent SDS–
PAGE. This fusion also proved to be the most enzymatically active
form upon complementation in lycopene-accumulating E. coli cells
(Supplementary Fig. 4), leading to the formation of mainly the
monocyclic d-carotene (e,w-carotene), as previously shown [4],
and it was therefore used in all further experiments.
Puriﬁcation was carried out in the presence of Tween 20. Using
the GST-tag for puriﬁcation was more efﬁcient than the His6 tag.
The preparations obtained showed very reasonable protein enrich-
ment with the co-expressed GroEL as the main contaminant as re-
vealed by mass spectrometric analysis (Fig. 1). All further
puriﬁcation attempts were unsuccessful because of the notorious
aggregation tendency of the protein over time which could not
be overcome, despite having attempted various buffer modiﬁca-
tions. The puriﬁed protein showed very faint yellow color and pro-
duced a weak ﬂavin-like spectrum at 445 nm, indicative for the
presence of only minute amounts of the holoprotein.
3.2. OsLCYe activity
A previous study on the bacterial lycopene b-cyclase CRTY
showed that a liposomal system, partially disordered by the addi-
tion of 10 vol.% hexane, was well suited to accommodate the lipo-
philic (C40 hydrocarbon) all-trans-lycopene substrate in a form that
is accessible to the enzyme [12]. OsLCYe showed the same require-
ment for activity. The second requirement, reduced ﬂavins, was
also applicable, thus making the use of anaerobic in vitro condi-
tions necessary. FMNred was able to partially substitute for FADred
(Fig. 2), while NAD(P)H potentially capable of binding to the pre-
dicted Rossmann fold were completely inactive. The kinetic param-
eters for the two co-factors were Km = 2.8 ± 0.31 lM (Vmax = 12.7 ±
0.25 pmol min1) for FADred, and Km = 1.7 ± 0.35 lM (Vmax = 8.4 ±
0.25 pmol min1) for FMNred.Fig. 1. SDS–PAGE of OsLCYe. M, marker proteins. 1, cell lysate; 2, supernatant after
17,000g centrifugation; 3, corresponding pellet; 4, fraction after afﬁnity
puriﬁcation.Hence, the basic requirements of OsLCYe are very similar to
those of CRTY. It can therefore be concluded that FADred serves as
a stabilizer of the cationic transition state transiently formed as a
result of the acid–base catalyzed reaction mechanism [12]. This
is corroborated by the fact that NNFLEETNN motif, conserved in
plant b-cyclases, is present in an equivalent position in LCYe homo-
logs in the form of NNFFEETNN (Supplementary Fig. 5). The ﬁrst glu-
tamic acid residue within this motif was identiﬁed as the acid–base
catalyst [12,19].
Under standard conditions as deﬁned in the Section 2, the activ-
ity of OsLCYe was as shown in Fig. 3. The cyclization reaction pro-
ceeded very effectively and hence, the hypsochromic spectral shift
caused by the loss of one double bond conjugation was clearly vis-
ible (Fig. 3A). HPLC analysis revealed the predominant formation of
the e-monocyclic d-(e,w)-carotene (peak 3) at the expense of the
all-trans-lycopene substrate (peak 1). It is interesting to note the
presence of certain amounts of the monocyclic b-ionone-contain-
ing species, termed c-(b,w)-carotene (peak 2). This ambivalence
in ionone ring speciﬁcity forms the basis for the formation of three
bicyclic species albeit at low levels, namely of b-(b,b)-carotene, a-
(e,b)-carotene and e-(e,e)-carotene (peaks 4,5,6, respectively).
This conﬁrms observations made in vivo with a maize line car-
rying a lcyb- null mutant allele. Analysis of the seed endosperm re-
vealed a similar promiscuity with respect to ring-type speciﬁcity as
suggested by the presence of the monocyclic c-(b,w)-carotene be-
sides d-(e,w)-carotene [20] as well as the presence of low levels of
bicyclic xanthophylls containing both ring types, such as lutein
(ß,e-carotene-3,30-diol). It has been shown that in the lettuce en-
zyme the capacity to form bicycling e-ionone resides in His457
[21]. The position of this histidine is occupied by a leucine in the
rice and maize LCYe [20], both mature proteins sharing 88% iden-
tity. This suggests OsLCYe to form predominantly monocyclic
carotenoids.
3.3. OsLCYe cannot convert monocyclic carotenoids
In the absence of structural information, the interpretation of
the discrete changes deciding on the formation of one or two rings
remains enigmatic. The formation of two rings can relate to an al-
tered capability of protein dimer formation, with each monomer
acting on half-sides of the symmetrical lycopene substrate, as sug-
gested for the carotene desaturase CRTI [22] and shown for viola-
xanthin de-epoxidase [23,24]. Alternatively, small structural
changes may affect the geometry of the active site, allowing or
restricting the access of bulky ionone rings to the monomeric en-
Fig. 3. Standard incubation assay of OsLCYe with all-trans-lycopene. A, 1 h
incubation in the presence (+E) and absence (C) of OsLCYe. The turbidity is caused
by the liposomes carrying carotene substrate and/or reaction products. B, HPLC
(system 1) elution proﬁle after extraction of the samples shown in A. Lower trace,
assay run in the absence, and upper trace in the presence of OsLCYe. 1, all-trans-
lycopene; 2, c-(b,w)-carotene; 3, d-(e,w)-carotene; 4, b-(b,b)-carotene; 5, a-(e,b)-
carotene; 6, e-(e,e)-carotene.
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Fig. 4. OsLCYe cannot convert monocyclic carotenoids. A, control, all-trans-
lycopene (1) is converted into small amounts of monocyclic c-(b,w)-carotene (2);
and mainly d-(e,w)-carotene (3). Bicyclic carotenoids namely b-(b,b)-carotene (4);
a-(e,b)-carotene (5); e-(e,e)-carotene (6) are formed at low levels, as expected. B, No
bicyclic carotenoids can be formed by OsLCYe with the monocyclic carotenoids (2,
3) as substrates. In contrast, OsLCYb is active with both monocyclic substrates
yielding the bicyclic carotenes b-(b,b)-carotene (4) from c-(b,w)-carotene (2) and a-
(e,b)-carotene (5) from d-(e,w)-carotene (3).
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cedence for such a situation. The carotenoid cleaving oxygenase
ACO [25] acts on (monocyclic) apo-carotenoids because active site
access is granted only to the aliphatic portion of the molecule. In
the latter scenario, puriﬁed OsLCYe should be able to work with
monocyclic carotenoids which possess one aliphatic end.
To test, OsLCYe was incubated with liposomes containing all-
trans-d-(e,w)-carotene or all-trans-c-(b,w)-carotene, expecting the
formation of the bicyclic carotenoids e-(e,e)-carotene or a-(b,e)-
carotene, respectively. Fig. 4 shows that all-trans lycopene was
converted into mono-and bicyclic carotenoids as before. In con-
trast, OsLCYe was inactive with both monocyclic substrates; bicy-
clic carotenoids did not form at all, while OsLCYb, used in an
afﬁnity-(IMAC) enriched form [12] converted both monocyclic
substrates into their expected bicyclic derivatives.Thus, OsLCYe can only form low amounts of bicyclic carotenoids
from all-trans-lycopene while monocyclic carotenoids have no ac-
cess to the active site. This provides support to the notion that the
active site is capable of accommodating the entire lycopene mole-
cule. These results also deﬁne the reaction sequence for the forma-
tion of a-(b,e)-carotene and its derivatives, inasmuch as the
formation of d-(e,w)-carotene must precede b-ring introduction, a
route through c-(b,w)-carotene is not possible (Fig. 5). d-(e,w)-car-
otene, once formed, is readily converted by OsLCYb into a-(e,b)-
carotene thanks to its capacity of accepting monocyclic carotenoids
of both types as a substrate (Fig. 4). This is consistent with Arabid-
opsis mutant analyses which did not provide support for a route
leading to a-(b,e)-carotene and its oxygenated derivatives (zeino-
xanthin and lutein) through c-(b,w)-carotene [26].
Evidence obtained in vivo has led to the speculation that the
membrane-bound carotenoid biosynthesis enzymes might form
complexes; this includes the lycopene cyclases [26,27]. Alternative
ideas are in favor of LCYe-activity being independent of additional
protein partners, such as LCYb, so that expression levels rather
than stoichiometric complexes determine the branching into b-
(b,b) or a-(b,e)-carotene and derived xanthophylls [20,28]. Our
data support the latter view. The clear-cut substrate preference
of OsLCYe for the non-cyclic lycopene is sufﬁcient for deﬁning
the reaction sequence. It may be premature to exclude LCYe/LCYb
protein complex formation. The high activity of both cyclases (for
LCYb, see [15]) at the surface of liposomes should enable direct
studies on protein–protein interaction.
3.4. The role of 5-cis-lycopene isomers
Mechanistic considerations have led to the proposal that the 5-
cis conﬁguration of lycopene is essential for the formation of e-io-
none rings. Only this conﬁguration and a speciﬁc chair folding of
the lycopene precursor allow the elimination of an anti-H as proton
(as part of the acid–base mechanism) which is favored for stereo-
electronic reasons [13]. This idea was pursued by the chemical syn-
thesis of 5-cis-lycopene [29] and by its identiﬁcation from natural
source [30]. However, lacking appropriate in vitro activity with
carotenoid cyclases at the time, this hypothesis was never tested.
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which resurfaced in the light of recent ﬁndings around the enzyme
that precedes cyclization in the carotenoid biosynthesis pathway,
namely carotene-cis–trans isomerase (CRTISO). This enzyme, apart
from converting the 7,9,90,70-tetra-cis-lycopene precursor (prolyco-
pene) into its all-trans form also produced considerable amounts of
5-(mono)-cis-lycopene [15] which might accordingly represent an
‘‘ear mark’’ for e-(mono)cyclization.
Using liposomes containing 5-cis-lycopene, OsLCYe produced
the samemoncyclic c/d-carotene pattern as with all-trans-lycopene
(Fig. 6A). This contrasts with OsLCYb, that was no longer capable of
forming the bicyclic b-carotene but produced exclusively c-b,w)-
carotene. That 5-cis ends cannot be cyclized was shown by the fact
that 5,50-di-cis-lycopene was not converted by either of the two
cyclases (data not shown). Consequently, the linear moiety of the
monocyclic carotenoids formed by both cyclases should be 5-cis
conﬁgured. Reﬁned analysis on a direct-phase HPLC column capa-
ble of separating monocyclic 5-cis isomers showed that the mono-
cyclic product formed had shifted relative to the respective all-trans
conﬁgured species, demonstrating this fact (Fig. 6B).
These results indicate that the naturally occurring free 5-cis iso-
mers of lycopene that can be formed by CRTISO [15] are not deter-
minants of ionone ring speciﬁcities. However, this does not exclude
the formation of this isomer as a mechanistic necessity at the ac-
tive site of e-ionone-speciﬁc cyclases.
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